One of the long-term goals of exoplanet science is the (atmospheric) characterization of a large sample (>100) of terrestrial planets to assess their potential habitability and overall diversity. Hence, it is crucial to quantitatively evaluate and compare the scientific return of various mission concepts. Here we discuss the exoplanet yield of a space-based mid-infrared (MIR) nulling interferometer. We use Monte-Carlo simulations, based on the observed planet population statistics from the Kepler mission, to quantify the number and properties of detectable exoplanets (incl. potentially habitable planets) and we compare the results to those for a large aperture optical/NIR space telescope. We investigate how changes in the underlying technical assumptions (sensitivity and spatial resolution) impact the results and discuss scientific aspects that influence the choice for the wavelength coverage and spectral resolution. Finally, we discuss the advantages of detecting exoplanets at MIR wavelengths, summarize the current status of some key technologies, and describe what is needed in terms of further technology development to pave the road for a space-based MIR nulling interferometer for exoplanet science.
INTRODUCTION
Since the first detection of a planet orbiting a main sequence star other than our Sun in 1995 1 the field of exoplanet science has been growing at a breathtaking speed: to date we know more than 5000 exoplanets and exoplanet candidates * . The overwhelming majority of these objects were detected via dedicated long-term surveys using indirect techniques -the radial velocity (RV) or the transit technique -from both the ground (e.g., the HARPS survey or the California Planet Survey) and from space (e.g., NASA's Kepler mission). Thanks to the statistics derived from these surveys, we have a first quantitative understanding of the occurrence rate of different planet types as a function of their radius / mass, orbital period and also spectral type of the host star. [2] [3] [4] For some planets, transit spectroscopy and/or secondary eclipse spectroscopy measurements (primarily done from space with the Hubble Space Telescope and the Spitzer Space Telescope) provide empirical constraints on the atmospheric composition of these objects. 5, 6 With a few exceptions, 7, 8 up to now these investigations targeted so-called hot Jupiters, gas-giant planets on orbits with periods of a few days only, but with the upcoming launch of the James Webb Space Telescope (JWST) in 2020 some smaller planets, i.e., the low-hanging fruits with sizes possibly down to those of super-Earths or Earth-like planets, might come within reach of atmospheric detection or even characterization studies. 9 The tremendous growth in exoplanet science in the last 20 years has been driven by continuous progress in relevant technologies, but also in data calibration and analysis strategies. In particular the Kepler mission has impressively demonstrated what can be achieved with dedicated exoplanet missions if the technical requirements are stringently and without compromise derived from a well-defined mission objective.
The future for exoplanet science looks bright: on both sides of the Atlantic both NASA and ESA are preparing to launch a suite of dedicated exoplanet missions in the coming 10-15 years. Recently, NASA launched TESS (Transiting Exoplanet Survey Satellite) 10 which will search almost the whole sky for new Earth-sized and super-Earth-sized exoplanets with orbital periods <40-50 days around stars significantly brighter (and hence closer to Earth) than the Kepler targets. CHEOPS (Characterizing Exoplanet Satellite) 11 -the first ESA S-Class (small) Science Mission with the goal of measuring the size of known transiting planets with high accuracy and searching for transit signals of well-selected exoplanets initially discovered with the RV technique -is foreseen to be launch-ready at the very end of 2018. In the mid 2020s, PLATO (Planetary Transits and Oscillations of stars) 12 will follow as the third M-class mission in ESAs Cosmic Vision Program. Similar to Kepler, albeit targeting brighter stars with higher precision and longer time baseline, PLATO will uncover hundreds of new Earth-sized exoplanets and provide unprecedented constraints on the occurrence rate of terrestrial planets in the habitable zone of Solar-type stars. Most recently, ESA announced that with ARIEL (Atmospheric Remote sensing Infrared Exoplanet Large survey mission) 13 another M-class exoplanet mission will follow in 2028. In addition to these missions employing the transit technique, NASAs WFIRST-AFTA, 14 if implemented, should test new coronagraphic technologies for space-based applications and reveal a few exoplanets around the nearest stars in reflected light via high-contrast direct imaging in the 2020s. Similarly, the next generation of 30-40 m ground-based extremely large telescopes (ELTs) will feature adaptive-optics assisted high-contrast imaging and high-dispersion spectroscopy instruments (such as ESOs ELT/METIS, 15 ELT/HIRES 16 and ELT/PCS 17 ) to directly image and/or characterize exoplanets within a few dozens parsec from the Sun. 18 On the RV side, ESO is commissioning the new ESPRESSO instrument at the VLT on Cerro Paranal, which promises to achieve the required precision to detect Earth-twins around nearby bright and quiet Solar-type stars. 19 While the detection and characterization of exoplanets is partially defining the road-maps of major space agencies and observatories around the world, none of the missions and projects mentioned above will be able to address one of the main long-term science goals of exoplanet research: to directly characterize the atmospheric properties of a statistically significant sample (>100 objects) of terrestrial exoplanets in order to identify possible biosignatures and investigate the diversity of atmospheric properties in comparison with the Solar System planets and models for planet formation and evolution.
We believe that to achieve this goal a new large space-based mission is required, avoiding the perturbing effects (turbulence and thermal emission) of the Earths atmosphere. Given the intrinsic faintness of exoplanet signals, it seems that in-depth characterization is only feasible for objects in the immediate vicinity of the Sun (<20 pc), where the number of transiting planets is too small. It is hence very likely that the optimum configuration will be an imaging mission in order to observe a sizable sample of planets. However, a key question is whether to build a large, single aperture UV/optical/NIR telescope to characterize planets in reflected light or a large mid-infrared nulling interferometer to probe the planets thermal emission. In the context of the decadal survey NASA has ongoing studies to investigate the HabEX 20 and LUVOIR 21 concepts for reflected light, but -at least to our knowledge -there are no coordinated studies underway that address the science potential and the technical challenges of a space-based mid-infrared (MIR) nulling interferometer. In this paper, we quantify the potential scientific yield of such an MIR interferometry mission and compare it to that of a large single dish optical/NIR telescope. We further discuss the advantages of investigating the thermal emission of (small / terrestrial) exoplanets and describe potential next steps in terms of technology development.
SIMULATION APPROACH AND ASSUMPTIONS
The core of our analyses are Monte Carlo simulations that are described in detail in Kammerer & Quanz (2018) . 22 In short, for a sample of 318 stars (54 F stars, 72 G stars, 71 K stars, and 121 M stars) within 20 pc from the Sun we simulate planetary systems (5000 times for each star) in accordance with occurrence rates determined by NASA's Kepler mission and quantify how many of these planets would be detectable with a space-based MIR interferometer. We randomly draw planets from corresponding period and radius distributions and put them on random positions along their orbits. The orbits are assumed to be circular (see Kammerer & Quanz (2018) 22 for a discussion of the impact of eccentric orbits) and the orbital plane has a random inclination. We then compute the planets equilibrium temperature and their thermal flux (assuming black-body emission and random values for the planets' Bond albedo drawn from the range of albedos observed in the Solar System), and we also determine their brightness in reflected light (assuming random values for the geometric albedo again drawn from the range observed in the Solar System). In contrast to Kammerer & Quanz (2018) 22 we consider not only one but two different planetary occurrence rate estimates, i.e., underlying planet populations. The first population (we will refer to it as "Population 1") combines results from various papers and for different host star spectral types and is described in Kammerer & Quanz (2018) . 22 The second population (referred to as "Population 2"), recently published in Hsu et al. (2018) , 23 is based on a more comprehensive dataset from the Kepler mission (covering Q1-Q16) and focuses on solar type stars only. In this case we complement the results with those for M-stars from the first population to ensure a spectral type dependence of the planet occurrence rates. We carried out Monte Carlo simulations using both planet populations to test the impact of the underlying statistics on the derived planet detection rates.
On the technical side we assume the instrument specifications and performance as initially foreseen for the Darwin mission 24 and as summarized in Kammerer & Quanz (2018) . 22 The inner working angle (IWA) is assumed to be 5.0 mas at 10 µm wavelength and the 10σ sensitivity limits -for 35'000 s integration time -are 0.16, 0.54 and 1.39 µJy at 5.6, 10.0 and 15.0 µm wavelength, respectively (in the baseline scenario). We do not make any explicit assumption about null-depth or contrast and ignore stellar leakage (which is primarily an issue for the nearest stars). While the sensitivities above implicitly include background noise from local zodiacal light, 25 we do not yet include any additional noise terms from exozodiacal dust belts † . However, we consider the used sensitivity limits to be justifiable as, for the time being, we did not carry out any overall or target-specific optimization. In addition, as we assume that the mission is split into a "detection phase" and a "characterization phase", each taking 2-3 years, we believe to have sufficient margin in the detection phase so that technical overheads and longer on-source times can be accommodated for.
The technical assumptions for a large space-based single dish optical/NIR telescope are also given in Kammerer & Quanz (2018): 22 in the baseline scenario an aperture of D=12 m is assumed, the IWA is 2λ/D, the achievable contrast is kept fixed at 1e-10 irrespective of the separation and which filter is used, and the sensitivity limits are 3.31e-10, 9.12e-10, and 8.32e-10 Jy, at 0.55, 1.2 and 1.6 µm, respectively. These limits are based on the same amount of on-source time and refer to the same significance as the ones for the interferometer mentioned above. It is worth mentioning that these limits were estimated based on classical imaging applications and broadband filters; potential throughput losses due to the use of coronagraphs are not taken into account here.
In our statistical analysis we consider a planet "detected" when its brightness (thermal emission or reflected light) exceeds the sensitivity limits, its separation is larger than the IWA of the respective instrument, and -in case of the optical/NIR telescope -its contrast is smaller than the assumed contrast limit. In the sub-sequent analyses we focus on planets with radii smaller or equal to 6 R Earth .
RESULTS FOR DETECTION PHASE
In this section we summarize our results for what we refer to as the "detection phase" of a mission. This is the first half or so of the total mission lifetime, aiming at compiling a large sample of detected exoplanets. A fraction of this sample is then followed-up in detail in the "characterization phase" of the mission. Figure 1 shows the results of our Monte Carlo simulations for our MIR nulling interferometer for both assumed planet populations. It is obvious that Population 2 predicts a significantly higher number of detectable planets in particular for the smallest planets with radii in the range 0.5 -1.25 R Earth . As planets in this radius range are very likely rocky in composition and not dominated by a significant gas envelope 28, 29 they represent a particular interesting subset of planets that are basically out of reach for in-depth studies with existing technologies. In † The impact of exozodiacal dust on the exoplanet yield has been specifically addressed in Defrère et al. 2010 26 terms of numbers, in the baseline scenario our nulling interferometer would detect 320 planets in the shown discovery space assuming Population 1 and almost 600 assuming Population 2. Figure 2 (top panels) shows the same results, but now split into spectral types of the host stars (FGK vs. M) and also showing in which bands the planets are detected. For Population 1, the 320 detectable planets are split almost evenly between FGK stars and M stars and 75% of all planets are detected in at least two of the three bands (5.6, 10 and 15 µm). When planets are not detected in one of the bands it can either be that they are too close to the star, and hence no longer spatially resolved at longer wavelengths, or they are too cold and don't emit enough flux at shorter wavelengths. This interpretation is supported by the fact that there is no planet that is detected at 5.6 and 15 µm but not at 10 µm. The top-right panel illustrates again the strong increase in detectable planets around G stars for simulations based on Population 2. The increase is over-proportional in the shorter wavelength range, i.e., for planets orbiting closer to their stars and receiving significantly higher stellar insulation than Earth.
Total exoplanet yield -baseline cases
For comparison, the bottom panels of Figure 2 show the results for the optical/NIR telescope. In particular for simulations with Population 1 (left panel) the total number of planets detectable in reflected light (243) is significantly smaller than that for planets detected with the MIR nulling interferometer. The split by spectral types is, however, almost identical with half of the planets being detected around M-stars and the other half around FGK stars. ∼60% of the planets are only detected in the V band (0.5 µm) and only ∼20% in V, J and H (0.5, 1.2, and 1.6 µm). The reason is simply the less and less favorable inner working angle going from the V band to longer wavelengths. Looking at the results based on Population 2 (right panel) it is striking that here the increase in the number of detectable planets is much stronger for the optical/NIR mission compared to the MIR interferometer. Hence, an optical/NIR mission benefits more, in a relative sense, from the increase in occurrence rate of small planets orbiting Sun like stars in Population 2 compared to Population 1. Still, even for Population 2 the fraction of planets only detectable in the V band (∼60%) or detectable in all three bands (∼20%) remains unchanged compared to the simulations using Population 1. Whether or not a planet is detected in multiple bands is important for the characterization potential of the mission.
Potential for higher exoplanet yields
It is obvious from Figures 1 and 2 that the assumed underlying population of exoplanets has a significant impact on the planet yield for either mission concept. However, it is also important to quantify the impact of the key technical assumptions. In Figure 3 we compare the detection yield of the baseline scenarios to that assuming different sensitivities, spatial resolutions and contrast performances. We do that for both mission types and both underlying planet populations. It shows that, not only in an absolute sense, the changes when assuming Population 2 are stronger (as the overall number of planets is higher), but also in a relative sense the changes are more significant.
Overall the MIR interferometer is quite sensitive to changes in the assumed sensitivity; a factor of ten worse sensitivity cuts the number of detectable planets by more than a factor of two; a factor of ten better sensitivity yields a factor of 1.6 more planet detections. For the optical/NIR telescope the changes in planet yield are rather modest. Increasing the contrast performance by a factor of ten (i.e., to 1e-11) increases the planet detection rate by less than 20%. However, a contrast a factor of ten worse than the baseline (i.e., 1e-9) reduces the number of planet detections significantly. This shows that a contrast of 1e-10 would indeed be an important requirement for an optical/NIR mission (cf. Kammerer & Quanz 2018 22 ). Increasing the contrast and the sensitivity limit at the same time also has only a modest effect (increase <20% for Population 1 and ∼30% for Population 2) compared to the baseline scenario. Hence, the improvement potential for the baseline scenario is rather limited for the optical/NIR telescope. To investigate the impact of the spatial resolution for this mission we also carried out simulations assuming a diameter for the primary mirror of only 6-m (right column in Figure 3 ) in which case we adapted the assumed sensitivities accordingly. As one can see, cutting down the IWA by a factor of 2 compared to the baseline scenario does not cut the total number of detectable planets in half, but leads to comparable losses as the reduction of the contrast performance (at least for Population 1). The relative changes when modifying contrast and/or sensitivity are almost identical for the 12 m and the 6 m primary mirror. results for the MIR nulling interferometer and the impact of assuming a sensitivity that is a factor of 10 better or worse compared to the baseline scenario. Middle column: results for the optical/NIR telescope and the impact of assuming a contrast performance that is a factor of 10 better or worse compared to the baseline scenario, as well as assuming contrast and sensitivity performance both to be a factor of 10 better. Right column: same as for the middle column, but now assuming an aperture size of 6 m only instead of 12 m.
Detectability of known exoplanets
In addition to quantifying the exoplanet detection yield in a statistical sense, based on the results from the Kepler mission, it is also interesting to estimate which of the currently known exoplanets one could detect with a space-based nulling interferometer. To do so, we accessed the Exoplanet Archieve ‡ and computed the expected equilibrium temperatures for the planets listed there using the same approach as in Kammerer & Quanz (2018) . 22 In case the planets were detected via radial velocity measurements, we converted the estimated minimum mass into a radius estimate. For planets with masses <7 M Earth we assumed an Earth-like density, for planets with higher masses a Jupiter-like density, which, for a given mass, determines the radius. A planet is considered detectable if its semi-major axis is larger than the IWA of the interferometer and if its flux -again approximated via blackbody emission -is higher than the sensitivity limits. In total, between 40 and 60 planets with radii <6 M Earth could be detect in at least one of the three bands considered here; a significant fraction of that even in all three bands. As these planets and orbital parameters are already known, observations could be scheduled to maximize the chances of detection with the interferometer, which in turn would allow for the determination of the true mass of objects detected via RV measurements.
This back-of-the-envelope estimate is certainly not perfect and could be improved upon. However, similar as for the Monte Carlo simulations above, it gives a good indication for the number of potential detections.
Quantifying the number of potentially habitable planets
One of the key results from the previous sections is that a space-based MIR nulling interferometer, with technical specifications similar to the ones once foreseen for ESA's Darwin mission concept, could yield hundreds of planet detections within a 2-3 year "discovery" phase. Already today the diversity in planetary properties and in their systems architecture is striking and in case one wants to investigate whether this diversity also continues for ‡ https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?app=ExoTbls&config=planets atmospheric properties § and how this diversity could be linked to planetary formation and evolutionary models one needs indeed a sizable sample of (small) planets orbiting different types of host stars.
In addition to the statistical aspect of exoplanetology that such a mission would have, the second driving aspect concerns the potential habitability of detectable planets. How many potentially habitable (or even inhabited?) planets could be identified during the "discovery" phase so that during the follow-up "characterization" phase chances of finding indeed habitable planets are maximized? To do that we focused our analysis on a subset of detectable planets: those with radii 0.5 R Earth < R < 1.75 R Earth and experiencing stellar insulations S between 0.5 < S/S 0 < 1.5 with S 0 denoting the solar constant. This range in energy flux describes roughly the range of the empirical habitable zone in the Solar system, 30 where the inner edge is referred to as "Recent Venus" limit and the outer edge as "Early Mars" limit. As for the radius range our choice is motivated by the idea that also planets with a non-negligible H/He envelope, i.e., planets with slightly larger radii than ∼1.5 R Earth , 28, 29 might be habitable and even biomarkers could be detected. 31 It turns out that for this particular subset of detectable planets, higher sensitivity is important. In Figure 4 we plot the population of detectable exoplanets in the flux-separation plane (for M stars and both populations of FGK stars) and overplot the IWA and a ten times better sensitivity limit as assumed in the baseline scenario. It shows that while the IWA is sufficient to detect the bulk of exoplanets in the subset defined above even for M stars -where the planets have to be very close to their host stars to receive sufficient insulation -a higher sensitivity than assumed in the baseline scenario is needed to probe the bulk, or at least a significant fraction, of planets around FGK stars. This has to do with the fact that, on average, FGK stars are farther away than M stars requiring longer integration times for the planets to be detected. The apparent difference between the middle (Population 1) and right-hand (Population 2) panels in Figure 4 can be explained by looking at Figure 1 : Population 2 has a significantly higher number of smaller planets compared to Population 1, which shifts the bulk of the population in Figure 4 downwards. Figure 5 summarizes this analysis in terms of total number of planet detections. Several dozens of exoplanets in this interesting range of parameter space are -in principle -accessible with a space-based MIR nulling interferometer. This figure also illustrates again the significant difference between the two planet populations making the results using Population 2 particularly promising. Overall, the relative increase in detectable planets in the subset of parameter space considered here is the same as for the overall planet population shown in Figure 3 . It is worth noting that for F stars no planet in the defined range of parameter space seems detectable, which we attribute to the too high flux levels planets experience around these stars for the period distribution we consider.
Another approach to try and quantify how many detectable planets could be habitable is by linking the publicly available HUNTER code package 32 with the results from our Monte Carlo simulations. While in the analysis described above, stellar insulation and planet radius were the only two parameters considered, the HUNTER code is based on a large grid of exoplanet atmospheres with several key parameters that can influence planetary habitability (such as atmospheric composition, relative humidity, and surface pressure). Even though none of these parameters are explicitly known, HUNTER allows for a habitability assessment in a statistical sense by quantifying how likely it is that a planet (with given insulation and radius) has a surface temperature amendable to liquid water. The details of the HUNTER code package as well as the assumed priors for the various parameters are explained in detail in Zsom (2015) . 32 For our analysis we did not modify the baseline settings of HUNTER.
The results are shown in Figure 6 . Overall the numbers of potentially habitable planets are lower (∼16-17 around M-stars and ∼ 28-29 around FGK stars) than in the analysis shown in Figure 5 , but it needs to be kept in mind that now additional atmospheric parameters to assess habitability are taken into account. If instead of Population 2 (as shown here) Population 1 were assumed the number of detectable habitable planets around FGK stars would decrease by a factor of three in accordance with the results in Figure 5 . The results shown here also indicate that there could be habitable planets detected outside of the parameter space considered above -at least in the framework described by HUNTER: even if unlikely planets slightly larger than 1.5 R Earth or receiving less insulation than 0.5 S 0 could be habitable. This is a direct result from HUNTER for which Zsom (2015) 32 demonstrated the rather broad region of parameter space where habitable planets could exist.
One of the key aspects that needs further investigation in the context of the results described in this subsection is the sensitivity that is assumed: the baseline sensitivity only allows for the detection of a comparatively small number of potentially habitable planets, in particular around G stars. Increasing the integration time per target by a factor of ten is hardly feasible as this would exceed the total mission lifetime (initially planned to be 5 years) by a factor of a few. However, as already mentioned above and indicated in Figure 4 , not all stars necessarily require a factor of ten increase in integration time to increase the number of detectable habitable planets. As already pointed out in Kammerer & Quanz 2018 22 assuming the same on-source time for each star during the "discovery phase" is far from ideal and optimizing the individual on-source times, taking into account the stars' spectral types and distances, is needed to find the right trade-off between the duration of the "discovery phase" and the number of potentially habitable planets. 33, 34 
THE CHARACTERIZATION PHASE
The previous section dealt with the number of exoplanets that could in principle be detected with MIR nulling interferometer during a 2-3 year "discovery phase". These discoveries would then need to be prioritized for followup observations to obtain high SNR spectra with a certain spectral resolution over a certain MIR wavelength range. In the past, estimates what spectral resolution and wavelength coverage were required had been based on atmospheric forward models trying to quantify what spectral features could be detected and measured under certain assumptions. Most studies typically considered a wavelength range between 6 -25 µm and a spectral resolution of R∼20 to be sufficient. 24, 35 Today, a complementary -and from a data analysis and interpretation perspective more robust -approach would be to invoke spectral retrieval techniques that allow for a statistical assessment of individual atmospheric parameters. The impact of varying the SNR, the wavelength coverage, or the spectral resolution (or combinations thereof) on the final interpretation of the measurements could then directly be quantified. First analyses in this direction have been applied to Earth twin planets observed in thermal emission 36 and reflected light. 37 Broadening the scope of these analyses, e.g., varying atmospheric composition, including key biosignatures and clouds, in a systematic way is beyond the scope of this paper, but would be important to help define the science requirements for the "characterization phase".
Wavelength range requirements
The 6 -25 µm wavelength range features absorption bands of key molecules for the characterization of (terrestrial) planetary atmospheres such as O 3 , N 2 O, CH 4 , CO 2 , and H 2 O. 30, 35 In particular a combined detection of O 3 and CH 4 would be considered a strong indication of biological activity, and also N 2 O is an promising biosignature. It's worth mentioning that Earth present-level CH 4 is probably difficult to detect at NIR wavelengths and N 2 O has no detectable features at optical/NIR wavelengths. In principle, the MIR also allows for the estimation of the radius of exoplanets from their bolometric flux and the surface temperature can be probed in case cloud-free, atmospheric windows exist.
It is challenging to scientifically justify the optimal long wavelength cut-off of a MIR mission. The ∼15 µm CO 2 band should certainly be included and being able to probe the broad water band centered around ∼20.5 µm could also be useful. Hence, a cut-off at around ∼25 µm is a good choice. ¶ At the short-wavelength end, it may make sense to go beyond the 6 µm that were initially foreseen. It was recently suggested that collision-induced absorption by (N 2 ) 2 was detected in disk-integrated spectra of Earth at ∼4.15 µm in the wing of the ∼4.3 µm CO 2 band. 38 For some terrestrial exoplanets quantifying N 2 could provide a means of determining bulk atmospheric composition. Furthermore, looking at the results from Figure 1 , it seems clear that most exoplanets to be detected will presumably be much warmer than Earth, shifting their peak emission to shorter wavelengths. Already for Earth the transition between where the emission is dominated by scattered light or thermal emission occurs ¶ The wavelength range of JWST/MIRI extends to ∼28µm.
Proc. of SPIE Vol. 10701 107011I-9 roughly at 3 µm. 39 Given that we have to be up for surprises when starting the characterize the atmospheres of (warm) terrestrial planets, extending the wavelength range down to 3 µm needs to be considered.
To further illustrate the points above we show in Figure 7 (top panel) example atmospheres for habitable planets with different compositions seen from 10 pc distance. The atmospheric temperature profiles are selfconsistently calculated using the atmospheric model described in Kitzmann (2016) 40 and Kitzmann (2017) . 41 For this study, the model has been expanded to include additional molecules, such as O 3 , N 2 O, and CH 4 . For the low-temperature Earth-like cases, the HITRAN linelists are used to derive the corresponding molecular absorption cross sections. For the high-temperature cases of Trappist-1b (bottom panel of Figure 7 ), we use the Exomol linelists for all considered molecules. The cross sections for these very large linelists have been generated by the Helios-k opacity calculator. 42 The habitable, non-Earth-like scenarios assume a N 2 surface partial pressure of 1 bar, while the CO 2 surface partial pressure is varied between 1 and 10 bar. Both molecules are assumed to be well-mixed throughout the atmosphere. The atmospheric H 2 O profile is calculated as a function of the surface temperature, assuming an Earth-like relative humidity profile in the troposphere. 41 The orbital distances are chosen to obtain an Earth-like surface temperature of 288 K in each case. In addition, an Earth-twin atmosphere is included. The atmospheric chemical composition, including ozone and methane, is taken from Kitzmann et al. (2010) . 40 In the bottom panel, which shows potential atmospheres for the Trappist 1b planet consistent with recent observations, 43 all considered atmospheric constituents are assumed to have isoprofiles throughout the entire atmosphere. The stellar insulation for Trappist 1b is roughly 4 times the solar constant resulting in an estimated equilibrium temperature of ∼400 K, while the surface temperature can reach values well above 1000 K for the water-rich cases. Not only is its overall flux expected to be significantly higher than that of the planets in the panel above, but also its emission peak is at shorter wavelength irrespective of the assumed composition.
Spectral resolution requirements
Determining the optimal spectral resolution of an MIR nulling interferometer is more challenging and should be done in the context of a comprehensive retrieval study. As most features are broad the question is more about spectral contamination from neighboring features. As mentioned above, N 2 O and CH 4 are in principle detectable at MIR wavelengths, but they are both located in the 7-9 µm range next to a potentially dominant water feature. 35 It will be important to quantify and re-assess what levels of N 2 O and/or CH 4 can be detected as a function of spectral resolution and water content. The same is true for the collision-induced (N 2 ) 2 feature in the wing of the ∼4.3 µm CO 2 band. 38 
TECHNOLOGY READINESS AND DEVELOPMENT
Where do we stand in terms of technology? Most technologies required to fly a space-based nulling interferometer have today reached a Technology Readiness Level (TRL) of 5, which means that the components have been tested and validated in relevant environment. In particular, key technologies that were considered immature in 2007, when most Darwin/TPF-I activities stopped, have now been demonstrated on test-benches (e.g., deep nulling beam combination) or in space (e.g., formation flying). Below we review briefly the major progress achieved since 2007 as well as current developments with ground-based interferometric facilities. A recent review on technology status can also be found in Defrère et al. 2017. 44 
Formation flying
Remarkable advances in technology have been made in Europe in recent years with the space-based demonstration of this technology by the PRISMA mission (http://www.snsb.se/en/Home/Space-Activities-in-Sweden/ Satellites/). PRISMA demonstrated a sub-cm positioning accuracy between two spacecraft, mainly limited by the metrology system (GPS and RF). The launch of ESA's PROBA-3 mission in 2019 will provide further valuable free-flyer positioning accuracy results (sub-mm), which exceeds the requirements for a space-based nulling interferometer. Extending the flight-tested building-block functionality from a distributed two-spacecraft instrument to an instrument with more spacecraft mainly relies on the replication of the coordination functionality and does not present additional complexity in terms of procedures according to the PRISMA navigation team. While formation flying can then be considered to have reached TRL 9, once PROBA-3 has flown, an uncertainty remains regarding fuel usage and the possible lifetime of such a mission.
Starlight suppression
A considerable expertise has been developed on starlight suppression over the past 20 years, both in academic and industrial centers across the globe. Approximately 35 PhD theses were dedicated to this topic and more than 40 refereed papers. These efforts culminated with laboratory demonstrations at room temperature mainly at the Jet Propulsion Laboratory (JPL) in the US. For instance, work with the Adaptive Nuller has indicated that mid-infrared nulls of 10 −5 are achievable with a bandwidth of 34% and a mean wavelength of 10 µm. 45 Another testbed, the planet detection testbed, was developed in parallel and demonstrated the main components of a high performance four-beam nulling interferometer at a level matching that needed for the space mission. 46 At 10 µm with 10% bandwidth, it has achieved nulling of 8 × 10 −6 (the flight requirement is 10 −5 ), starlight suppression of 10 −8 after post-processing, and actual planet detection at a planet-to-star contrast of 3×10 −7 , i.e., the Earth-Sun contrast. The phase chopping technique 47 has also been implemented and validated on-sky with the Keck Nuller Interferometer. 48 A null stability of a few ∼10 −3 was achieved, mainly limited by the large thermal background and variable water vapor content, both effects specific to ground-based mid-infrared observations.
Current developments
Over the past decade, the operation of high-precision ground-based interferometers has matured in both Europe and the US. Europe has gained a strong expertise in the field of fringe sensing, tracking, and stabilization with the operation of the Very Large Telescope Interferometer (VLTI). In the United States, a lot of technical expertise was gained by operating several nulling interferometers such as the Keck Interferometer Nuller, 48 the Palomar Fiber N2O has another weaker feature at ∼17 µm.
Nuller, 49 and the Large Binocular Telescope Interferometer. 50 All have produced excellent scientific results [51] [52] [53] and pushed high-resolution mid-infrared imaging to new limits. 54 New innovative data reduction techniques have also been developed to improve the accuracy of nulling instruments 55, 56 but more work is required to adapt this technique to four-telescope configurations.
Interferometric telescope arrays operating at infrared wavelengths also provide opportunities for testing technologies on the ground and to push new developments ahead in collaboration with the existing interferometry community. Within this community, there is currently a science-driven international initiative to develop a new high-contrast interferometric instrument for the VLTI 57 to detect young exoplanets and measure the prevalence of exozodiacal dust around Southern stars (not covered by the LBTI). This project will serve as a natural scientific and technology precursor for a large space-based mission. There is also an ongoing collaboration (The Planet Formation Imager -PFI * * ) to establish a road-map for a future ground-based facility that will be optimized to image planet-forming disks on the spatial scales where protoplanets are assembled (i.e., the Hill sphere of the forming planets). With ∼ 20 telescope elements and baselines of ∼ 3 km, the PFI concept is optimized for imaging complex scenes at mid-infrared wavelengths (3 − 12µm) and at 0.1 milliarcsecond resolution, complementing the capabilities of a space interferometer that would be optimized to achieve the sensitivity and contrast required to characterize the atmospheres of mature exoplanets.
Required technology developments
Starlight suppression has already been demonstrated to flight requirements, 46 but with fluxes much higher than those expected from stars and planets allowing working at room temperature without being disturbed by the thermal emission of the environment. The next step would be to reproduce this experiment in cryogenic conditions and with optical fluxes similar to the astronomical ones. This will require in particular the successful validation of cryogenic spatial filters that can provide the necessary performance from 6 (or 3) to 20 µm and the implementation of a cryogenic deformable mirror, which is now within reach. 58 The spatial filtering capabilities of photonic crystal fibers should also be investigated for use at MIR wavelengths, because of the improved throughput that they may provide and the possibility to cover the whole wavelength range with a single technology. Note finally that, with recent developments in wavefront control with extreme adaptive optics systems, 59 it is not clear whether such a technology will be required. This should be addressed in the future. Specific developments in terms of fringe tracking (taking into account residual vibrations) and data reduction will undoubtedly be needed to reach the required level of performance in terms of starlight rejection. We also expect that dedicated developments will be required in the field of MIR detectors, although the JWST legacy will be particularly useful in this context.
CONCLUSIONS AND NEXT STEPS
The Monte Carlo simulations shown here demonstrate that a MIR space-based nulling interferometer, as once studied in the context of ESA's Darwin and NASA's TPF-I missions, could yield at least as many exoplanet detections as a large, single aperture optical/NIR telescope. The details and exact number of planets certainly depends on the assumed technical specifications and the underlying exoplanet populations, but from an exoplanet science perspective such an interferometer should be considered an attractive mission concept, at least complementary if not superior to an optical/NIR mission.
Our analysis also shows that getting a better handle on the overall planet statistics is crucial for planning larger future missions. The significant differences in expected planet yield for Population 1 and 2 need to be investigated and -if possible -rectified.
Another key aspect that we will investigate more closely in the future is a specific treatment of stellar leakage and exozodical light in our simulations. One way to do that is to couple our Monte Carlo simulations with DarwinSIM, 60 a dedicated simulator for space-based nulling interferometry, and include our latest understanding of the occurrence rate and levels of exozodi emission. The usage of DarwinSIM would further allow us to study different designs and formations for the interferometer (e.g., 4 vs. 3 collector telescopes) and the impact on the science yield, and a first optimization concerning the appropriate time-per-target would also be possible. A critical look at the stellar input sample and its properties is also warranted with a specific focus on multiplicity.
Finally, a more detailed investigation concerning the science requirements for the spectral resolution and the wavelength rage needs to be carried out and one should re-assess what band-passes should be used for the "discovery phase" of the mission. A dedicated and comprehensive spectral retrieval study would be one way to address these points.
On the technical side it is worth noting that significant progress has been made for some of the major challenges even after Darwin and TPF-I were canceled. Now it is about time to consolidate these findings, identify the remaining missing pieces and craft a road-map for further technology development that will -eventually -lead to a mission that can successfully address the most fundamental questions of exoplanet science.
